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A  new  m eth od  to  m easure th e  a tten u ation  o f hadrons in ex ten sive  air showers
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Extensive air showers are generated through interactions of high-energy cosmic rays impinging 
the E arth’s atmosphere. A new method is described to infer the attenuation of hadrons in air 
showers. The numbers of electrons and muons, registered with the scintillator array of the KAS- 
CADE experiment are used to estimate the energy of the shower inducing primary particle. A large 
hadron calorimeter is used to measure the hadronic energy reaching observation level. The ratio of 
energy reaching ground level to the energy of the primary particle is used to derive an attenuation 
length of hadrons in air showers. In the energy range from 106 GeV to 3 • 107 GeV the attenuation 
length obtained increases from 170 g/cm 2 to 210 g/cm 2. The experimental results are compared to 
predictions of simulations based on contemporary high energy interaction models.
PACS numbers: 96.50.sd, 13.85.Tp, 98.70.Sa 
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I. IN T R O D U C T IO N
Since the earliest days of cosmic-ray investigations it 
has been realized th a t these particles provide a unique 
possibility to  study  in teractions a t high energies [1, 2]. 
Even today  the energies of cosmic rays exceed the en-
ergies achieved in m an m ade accelerators by orders of 
m agnitude. Hence, in the lite ra tu re  m any a ttem p ts  are 
described to  ex trac t properties of high-energy hadronic 
in teractions from air showers induced by cosmic rays in 
the atm osphere. Among the m ost in teresting  quantities 
is the  a ttenua tion  length of hadrons (e.g. [3] p. 162), in 
theoretical considerations closely connected to  the inelas­
tic cross section.
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In the present work, we use the energy absorbed in 
a m aterial w ithin a certain  atm ospheric dep th  X  to  de­
fine an a ttenuation  length. In this new approach we use 
the num ber of electrons and muons, registered w ith a 
detector array  to  estim ate the  energy of the shower in­
ducing prim ary  particle Eo, see (4) below. The energy 
reaching the observation level in form of hadrons ^  E h  
is m easured w ith a hadron  calorim eter. The fraction of
2surviving energy in form of hadrons is defined as
J 2 e hR
En
The a ttenua tion  length AE is then  defined as
T,EH = E q exp -  —  
Ae
R  =  exp ( ) .
Ae ,
(1)
(2)
(3)
In the lite ra tu re  different definitions for the a tten u a­
tion  length in air showers are introduced. Frequently, the 
a ttenuation  length is derived from m easurem ents of the 
electrom agnetic shower com ponent, e.g. [4, 5, 6, 7, 8, 9, 
10]. Investigating single hadrons the a ttenuation  length 
is related  to  the  absorption  of hadrons in the  atm osphere 
[11]. Pioneering work to  derive inelastic cross sections 
from the m easurem ent of single hadrons has been con­
ducted by Yodh and colleagues [11, 12], la ter followed by 
the pro to type of the  KASCADE calorim eter [13].
The new approach presented here is com plem entary to  
the different m ethods described in the  literature . In con­
tra s t to  m ethods using the electrom agnetic shower com­
ponent, the present work focuses d irectly  on m easure­
m ents of hadrons to  derive an a ttenuation  length for this 
shower com ponent. The values ob tained are not a pri­
ori com parable to  o ther a ttenuation  lengths since they 
are based on different definitions. I t should be noted 
th a t the experim entally obtained a ttenuation  length is 
affected by sta tistical fluctuations during the develop­
m ent of the  showers. However, in the present work we 
do not a ttem p t to  correct for this effect.
After a description of the  experim ental s ituation  
(Sect. I I ) , the  experim ental results and com parisons w ith 
air shower sim ulations are described in Sect. I I I .
II. E X P E R IM E N T A L  S E T -U P
A. T h e  a p p a ra tu s
The experim ent KASCADE, located on site of the 
Forschungszentrum  K arlsruhe, 110 m  a.s.l., consists of 
several detector systems. A description of the perfor­
mance of the experim ent can be found elsewhere [14]. A 
200 x 200 m 2 array  of 252 detector stations, equipped 
w ith scintillation counters, m easures the electrom agnetic 
and, below a lead /iron  shielding, the muonic com ponents 
of air showers. In its center, an iron sam pling calorime­
ter of 16 x 20 m 2 area detects hadronic particles. The 
calorim eter is equipped w ith 11 000 warm -liquid ioniza­
tion  cham bers arranged in nine layers. Due to  its fine 
segm entation (25 x 25 cm 2), energy, position, and an­
gle of incidence can be m easured for individual hadrons.
A detailed description of the calorim eter and its perfor­
m ance can be found in [15], it has been calibrated  w ith a 
test beam  a t the  SPS a t CERN up to  350 GeV particle 
energy [16].
B. O bservab les and  even t se lec tion
The position of the shower axis and the angle of in­
cidence of a cascade are reconstructed  by the array  de­
tectors. The to ta l num bers of electrons N e and  muons 
N M are determ ined by in tegrating  their la teral d istribu­
tions. In case of muons, the tru n ca ted  m uon num ber 
N^ is used for experim ental reasons. I t is the num ber of 
m uons in tegrated  in the  distance range 40 — 200 m  from 
the shower axis. For a detailed description of the  recon­
struction  algorithm s see [17]. The position of the shower 
axis is reconstructed  w ith an accuracy b e tte r th an  2 m 
and the angle of incidence b e tte r th an  0.5°.
The hadrons in the calorim eter are reconstructed  by 
a p a tte rn  recognition algorithm , optim ized to  recognize 
as m any hadrons in a shower core as possible. Details 
can be found in [17]. H adrons of equal energy can still 
be separated  w ith a probability  of 50% a t a distance of 
40 cm. The reconstruction efficiency rises from 70% at 
50 GeV to  nearly  100% a t 100 GeV. The energy resolu­
tion  improves from 30% a t 50 GeV to  15% a t 104 GeV. 
The hadron  num ber N h and hadronic energy sum  ^  E h 
are determ ined by the sum  over all hadrons in a distance 
up to  10 m  from the shower axis. A correction for the 
missing area beyond the boundaries of the calorim eter is 
applied. The hadron  la teral distributions are relatively 
steep, the hadronic energy density decreases by about 
two orders of m agnitude w ithin the first 10 m  from the 
shower axis [18]. Therefore, it is sufficient to  m easure 
hadrons in a relatively narrow  range around the shower 
axis only in order to  collect a significant fraction of the 
to ta l hadron energy. The observable ^  E h includes also 
energy of hadrons which could not be reconstructed  in­
dependently, because they  are too  close to  each other. It 
shows up in the sim ulated and experim ental d a ta  in the 
same m anner.
To be accepted for the  present analysis, an air shower 
has to  fulfill several requirem ents: a t least one hadron 
has been reconstructed  in the calorim eter w ith an energy 
larger th an  50 GeV, the shower axis is located inside 
the calorim eter, the  electrom agnetic shower size N e is 
larger th an  104, the tru n ca ted  m uon num ber N^ is larger 
th an  103, i.e. the  prim ary  energy is greater th an  about
3 • 105 GeV, and the reconstructed  zenith angle is smaller 
th an  30°. From  M ay 1998 to  O ctober 2005 312000 show­
ers have been m easured m eeting the criteria  mentioned.
To avoid corrections for different angles of incidence 
the following analysis is restric ted  to  showers w ith zenith 
angles © <  18°. The p rim ary  energy E 0 of the  shower 
inducing particle is roughly estim ated based on the num ­
ber of electrons N e and muons N '  registered w ith the
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FIG. 1: Fraction of energy £ E H/E 0 reaching the ground in 
form of hadrons as function of estimated primary energy Eo 
for all data and for selections of light and heavy primary par­
ticles.
KASCADE scintillator array
lg Eo «  0.19 lg N e +  0.79 lg N ;  +  2.33. (4)
The average ground pressure during the observation tim e 
am ounts to  1004 hPa, corresponding to  an average a t­
m ospheric colum n density  X 0=1023 g /cm 2. The a tten u ­
ation is m easured a t this dep th  X 0, the average vertical 
thickness of the  atm osphere above the KASCADE exper­
im en t.
C. S im ula tions
The shower sim ulations were perform ed using COR- 
SIKA [19]. Hadronic interactions a t low energies were 
m odeled using the FLUKA code [20, 21]. High-energy 
in teractions were trea ted  w ith Q G SJE T 01 [22] (E  > 
200 GeV). Showers in itia ted  by prim ary  protons as well 
as helium, carbon, silicon, and iron nuclei have been 
sim ulated. The sim ulations covered the energy range 
105 — 108 GeV w ith zenith angles in the interval 0° — 32°. 
The energy d istribu tion  of the showers followed a power 
law w ith a spectral index of —2.0. For the  analysis the 
energy d istribu tion  was converted to  a power law w ith 
an index of —2.7 below and —3.1 above the knee w ith 
a rigidity dependent knee position (3 • 106 GeV for pro­
tons). The positions of the  shower axes are d istribu ted  
uniform ly over an area exceeding the calorim eter surface 
by 2 m  on each side. In order to  determ ine the signals in 
the individual detectors, all secondary particles a t ground 
level are passed th rough a detector sim ulation program  
using the G EA N T package [23]. In th is way, the  in stru ­
m ental response is taken  into account and the sim ulated 
events are analyzed by the same code as the experim en­
ta l da ta , an im portan t aspect to  avoid biases by p a tte rn  
recognition and reconstruction algorithm s.
III. R ESU LTS 
A. S u rv iv ing  H adron ic  E nergy
The energy of the prim ary  particle is estim ated  from 
m easurem ents of the num ber of electrons and  m uons in 
the shower w ith the scintillator array, see (4). The sur­
viving energy in form of hadrons £ E h  is m easured w ith 
the hadron  calorim eter. A fraction R, see (1) of hadronic 
energy reaching ground level can be inferred as function 
of prim ary  energy, as shown in Fig. 1. All error bars rep­
resent sta tistica l uncertainties only. Below 106 GeV the 
values are affected by reconstruction  efficiencies. In par­
ticular, showers induced by heavy elements are less likely 
to  be registered. Therefore, values are shown only for en­
ergies exceeding 106 GeV. Above 107 GeV the flux of the 
light cosmic-ray com ponent decreases and the composi­
tion  becomes more and more heavy [24]. Mos likely, this 
causes the structures seen in the  figure for energies ex­
ceeding 107 GeV. In the energy range investigated about 
0.3% to  0.8% of the  prim ary  energy reaches the observa­
tion  level in form of hadrons, m ost of them  being pions
[13].
In the  energy range of in terest the elasticity  of pions 
depends only weakly on energy and can be approxim ated 
as e «  0.25 to  0.3 [25]. W ith  the relation R  =  eN , the 
average num ber of generations N  in the shower can be 
estim ated and it tu rns out th a t the registered hadrons 
(w ith energies above 50 GeV) have undergone about four 
to  five interactions only. This num ber is confirmed by full 
air shower sim ulations.
The fraction of hadronic energy reaching observation 
level increases w ith energy, since the effect of deeper pen­
e tra ting  showers clearly dom inates over the small effect 
caused by the increase of the inelastic cross sections.
The two-dim ensional d istribu tion  of the  num ber of 
electrons and muons for the  m easured showers is depicted 
in Fig. 2. The asterisks represent the m ost probable val­
ues of the distribution . Also sim ulated N e — N!, d istri­
butions have been investigated for p rim ary  protons, as 
well as helium, carbon, silicon, and iron-induced show­
ers. Exam ples for protons and iron are depicted in Fig. 3 . 
The solid lines represent fits to  the m ost probable values 
represented by the circles and  squares, respectively. It 
tu rned  out th a t the  slopes of the fits of all elem ents are 
about equal. The fitted  line for carbon, param eterized as
lg(Ne ) =  1 .3 4 lg (N ) — 0.15 (5)
is used in the following to  divide the d a ta  into a sam ­
ple induced by “light” and “heavy” prim ary  particles, 
respectively. I t is indicated in Figs. 2 and 3 as dashed 
lines. In Fig. 3 it can be seen th a t (5) indeed separates the 
d a ta  set into “light” and “heavy” . Almost no iron show­
ers are above the  dashed line and only a small fraction
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FIG. 2: Number of electrons and muons for measured showers 
with zenith angle © < 18°. The most probable values of 
the distribution are indicated by the asterisks, the solid line 
represents a fit to this data. The dashed line represents (5).
of p roton induced showers is below the line. Especially 
the  m ost probable values for protons and iron-induced 
showers are clearly above and below the dashed line, re­
spectively. P aram eterization  (5) alm ost coincides w ith 
the m ost probable values of the m easurem ents.
Applying the selection criterion (5) to  the data , the en­
ergy fraction reaching observation level is shown in Fig. 1 
as well for light and heavy prim aries. As expected from 
a simple superposition model, proton-like showers pen­
e tra te  deeper into the atm osphere and tran sp o rt more 
energy to  the observation level as com pared to  iron-like 
showers.
B . A tte n u a tio n  L en g th
Using the energy absorbed in the atm osphere a t a 
dep th  X 0, the a ttenuation  length AE has been derived 
from the m easured energy fraction, see (3). The results 
are presented as function of the estim ated prim ary  en­
ergy in Fig. 4 a). Values for the com plete d a ta  set as well 
as for the  light and heavy selections are shown. The val­
ues are com pared to  results obtained from full air shower 
sim ulations for p rim ary  protons and iron nuclei using the 
CORSIKA program  w ith the hadronic in teraction  gener­
ato r Q G S JE T 01 . The cuts for a “light” and “heavy” 
com ponent were applied to  the p ro ton  and iron simula­
tions in the same way as for the m easurem ents.
The values shown in Fig. 4 have been obtained by ap­
plying the same (quality) cuts and reconstruction algo­
rithm s to  m easured and sim ulated data . Thus, m any 
uncertainties are expected to  cancel. For the  rem aining 
differences between sim ulated and m easured d a ta  a sys­
tem atic error for the hadronic energy sum  ( ^  E h  ) and 
the to ta l energy (E 0) of 10% each is assumed. W ith  (1) 
th is results in a 14% uncerta in ty  of R. In tu rn , follow­
ing (3) yields a system atic error for AE of order of 2%.
Therefore, the values shown in Fig. 4 have a system atic
0 uncertain ty  of order of 2 to  4 g /cm 2. As discussed above, 
the structures above an energy of 107 GeV are m ost likely 
due to  the chaning com position as function of energy.
A com parison of the “heavy” selection w ith iron- 
induced showers shows th a t  the “heavy” selection lies 
slightly above the sim ulated values. This makes sense, 
since the m easured d a ta  contain a m ixture of m any el­
ements, m ost of them  being lighter th an  iron, thus the 
m easurem ents should be above the  iron points. O n the 
o ther hand, looking a t the  “light” selection com pared 
to  the proton points from the sim ulations, one recognizes 
th a t a t high energies d a ta  points are above the sim ulated 
values. This cannot be explained by a mixed com position 
and m ay be a hint tow ards a problem  in the hadronic in­
teraction  model Q G SJE T  01. A possible explanation is 
th a t the a ttenuation  length is too  small, i.e. the  cross 
section is too  large.
To test th is hypothesis sim ulations have been car­
ried out w ith a modified version of Q G SJE T  01, nam ely 
model 3a in Ref. [25]. The inelastic hadronic cross sec­
tions have been lowered, e.g. the proton-air cross section 
a t 106 GeV is reduced by 5% from 385 m b to  364 mb 
and the elasticity  has been increased by about 12%. A 
similar trend  to  lower cross sections has been found as 
well by the EA S-TO P experim ent, w ith a value of
°p -a ir  =  338 ±  21(sta t) ±  19(sys) — 29(sys-He) mb
a t , / s  =  2 TeV («  2 • 106 GeV) [10]. At the high­
est energies the lower proton-air cross section (443 mb 
a t 109 GeV) is com patible w ith recent results from the 
HiRes experim ent
=  456 ±  17(sta t) +  39(sys) — 11(sys) mb
a t 3 • 109 GeV [9]. The lower cross sections have been pro­
posed originally to  reduce the discrepancy in the m ean 
logarithm ic mass derived from experim ents observing 
shower m axim um  and investigating particle distributions 
a t ground level [25, 26]. Applying the altered version of 
Q G SJE T  also slightly modifies the num ber of electrons 
and m uons predicted a t ground level. At energies around 
the knee ( «  4-106 GeV) the  num ber of electrons increases 
by about 5% and the num ber of muons rises by about 
15% [25].
The corresponding results for AE are presented in Fig. 4 
b). The typical energies of particles in a shower induced 
by a heavy nuclei are sm aller th an  the typical energies 
in a proton-induced shower of the same prim ary  energy 
(superposition model of showers). Thus, the effect of the 
m odifications is stronger for proton-induced showers in 
F ig .4 b), see also [25]. In contrast to  F ig .4 a) the  sim­
ulated  points for protons are now above the d a ta  points 
for the “light” selection. As a result, w ith  the modified 
version of the in teraction  model an overall im provem ent 
of the situation  has been achieved.
It should be pointed out th a t the experim entally ac­
cessible a ttenuation  length AE is extrem ely sensitive to
5Number of muons Number of muons Ig(N^)
FIG. 3: Number of electrons vs. number of muons in simulated air showers for primary protons (a) and iron nuclei (b). The 
solid line indicates a fit to the most probable values (circles and squares, respectively), the dashed lines represent (5).
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FIG. 4: Attenuation length AE as function of estimated primary energy. The light and heavy groups in the measurements are 
compared to simulations for primary protons and iron-induced showers using CORSIKA with the hadronic interaction model 
QGSJET01 (a) and a modified version with lower cross sections and higher elasticity (b, model 3a in Ref. [25]).
the  inelastic hadronic cross sections. A relatively small 
m odification (ap -a ir is changed by 5% only a t 106 GeV) 
yields significant changes, as can be inferred from Fig. 4 .
In addition, the  results have been calculated also as 
function of the hadronic energy sum  a t observation level. 
The results for all da ta , as well as for the  light and heavy 
selections are presented in Fig. 5 a). Again, a closer in­
spection yields unreasonable results when the “light” ele­
m ents are considered. At high energies even all m easured 
events are above the p ro ton  sim ulations. In agreem ent 
w ith the previous discussion, the  issue can be resolved by 
introducing a modified version of the  in teraction  model, 
as can be seen in Fig. 5 b). A rranging the d a ta  in £ E h  
bins implies an enrichm ent of light prim aries, which ex­
plains why all d a ta  alm ost agree w ith pure p ro ton  simu­
lations and the discrepancy between m easurem ents and 
Q G SJE T  01 predictions are magnified.
IV . SU M M A R Y  A N D  C O N C L U SIO N S
A new m ethod has been developed to  derive the a t­
tenuation  length of hadrons from m easurem ents of high- 
energy cosmic rays in teracting  in the  E a r th ’s atm osphere. 
The fraction of the energy of the prim ary  particle reach­
ing ground level in form of hadrons in air showers has 
been m easured w ith the KASCADE experim ent to  in­
crease from about 0.3% a t 106 GeV to  0.8% a t 3-107 GeV.
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FIG. 5: Attenuation length Ae  as function of the measured hadronic energy sum at observation level. The light and heavy 
groups in the measurements are compared to simulations for primary protons and iron-induced showers using CORSIKA with 
the hadronic interaction model QGSJET 01 (a) and a modified version with lower cross sections and higher elasticity (b, 
model 3a in Ref. [25]).
An a ttenuation  length based on the absorbed energy has 
been defined. Corresponding values increase w ith energy 
from about 170 g /cm 2 to  «  210 g /cm 2.
A closer inspection of the a ttenuation  lengths obtained 
for showers induced by “light” and “heavy” elements in­
dicates th a t the cross sections in the  hadronic in teraction  
model Q G S JE T  01 m ay be too  large and the elasticity 
m ay be too small. A m odification w ith altered param e­
ters improves the  situation .
As final rem ark, it should be pointed out th a t the a t­
tenuation  length AE is extrem ely sensitive to  inelastic 
hadronic cross sections. The sensitivity of air shower 
m easurem ents, in particu lar of the hadronic com ponent 
to  properties of hadronic in teractions has been dem on­
s tra ted  previously. For example, the dependence of 
observable quantities on the transverse m om entum  in 
hadronic in teractions [27] or on low-energy inelastic cross
sections [28]. In a sim ilar way, the  d a ta  presented and 
the m ethod in troduced in the present article m ay serve to  
check and improve further hadronic in teraction models.
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